ABSTRACT
Embryo implantation is a critical step in mammalian reproduction and includes apposition of the blastocyst, attachment to the uterine epithelium and decidualization of the uterine stroma. However, the key mechanism underlying embryo implantation remains to be elucidated. In recent years, high-throughput transcriptomic and proteomic approaches make it possible for studying the expression levels of thousands of genes and proteins simultaneously and thus accelerate the understanding of gene regulatory networks involved in embryo implantation. This review briefly summarizes the advance on mRNA, miRNA and protein expression profile analysis during embryo implantation in human and a variety of animal models.
INTRODUCTION
Embryo implantation is a critical step for mammalian reproduction, involving reciprocal interaction between a competent blastocyst and receptive uterus (1) . Based on morphological studies, embryo implantation is characterized by three stages, apposition, attachment and invasion (2) . Depending on the species, the invasion of trophoblast into the endometrium may remain superficial or continue deep into the endometrium. Using conventional gene-by-gene methods, such as gene knockout, Northern blot and in situ hybridization, many specific factors have been identified during embryo implantation. However, the key molecular mechanism underlying embryo implantation process is still unknown.
In recent years, high-throughput transcriptomic and proteomic approaches have been adopted in this field. These 'omics'-based methods are able to study the expression levels of thousands of genes and proteins simultaneously. To date, transcriptomic methods, including oligonucleotide microarrays, cDNA microarrays, and serial analysis of gene expression (SAGE), have been applied to study the implantation process of human, mouse, rat, monkey, cow and pig. The Affymetrix GeneChip® oligonucleotide microarrays (http://www.affymetrix.com) have been widely used and are considered as the gold standard for global gene expression analysis. Affymetrix microarrays are available for human, mouse, rat, rhesus monkey, cow and pig. Noticeably, microRNAs (miRNAs) have emerged as a novel part of the transcriptome. MiRNAs are a family of ~22-nucleotide non-coding RNAs discovered in most metazoan. In animals, they are involved in posttranscriptional gene regulation by mRNA decay and/or translation repression (3). Using specially designed oligonucleotide microarrays, global miRNA expression profiles have been investigated in human decidual cells (4) and mouse uterus (5, 6) during embryo implantation. However, the real functional molecules of the cell are proteins. Due to posttranscriptional and posttranslational regulation on protein expression, strong gene expression does not necessarily mean that the corresponding protein is also abundant or indeed active. Therefore, proteomic approaches that identify changes in proteins can be of key importance. A few proteomics-based studies have been undertaken to understand the embryo implantation process in human, mouse, monkey and cow. A variety of proteomic platforms are utilized, including two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), twodimensional differential in-gel electrophoresis (2D-DIGE) and isotope-coded affinity tags (ICAT).
The advance on the global analysis of gene expression during embryo implantation has been reviewed previously (7) (8) (9) (10) (11) . In this review, we will briefly summarize recent studies on mRNA, miRNA and protein expression profile in human and animal models that address the molecular mechanisms involved in embryo implantation.
TRANSCRIPTOMIC APPROACH TO UNDERSTAND IMPLANTATION
Transcriptomic approach analyzes all the RNA molecules transcribed from DNA in cells. Several highthroughput profiling technologies have been developed to detect thousands of transcripts simultaneously, such as oligonucleotide microarrays, cDNA microarray and serial analysis of gene expression (SAGE). Microarray analysis is the most common method applied in transcriptomic studies.
Humans
Human endometrium is highly dynamic throughout the menstrual cycle. Based on an ideal 28-day cycle, menstrual cycle is divided into menstruation phase, proliferative phase and secretory phase. The window of implantation in human endometrium is believed to reside in the mid-secretory phase (12) . The proliferative phase is widely used as a pre-receptive control to find differentially expressed transcripts in the receptive endometrium.
Global gene expression changes during the window of implantation have been determined by five independent groups (13) (14) (15) (16) (17) . The Affymetrix HG-U95A microarray, which contains 12686 human genes and expressed sequence tags, was used in these studies. However, a strong consistency is not observed. The expression trends of 8 genes (matrilysin, protocadherin 68, carbonic anhydrase precursor, SEC14L gene, receptor protein-tyrosine kinase, c-fos, HLA-D class II antigen DO beta chain, and NADP-dependent isocitrate dehydrogenase) are controversial among these studies. A set of 107 genes (72 up-regulated and 35 down-regulated) are consistently regulated in 2 or more than 2 studies. Only one gene, osteopontin, is consistently up-regulated in all the five studies (9).
Most recently, another transcriptomic screen was performed with Affymetrix HG-U133 plus 2.0 microarrays by Haouzi et al (18) . As a successor of the HG-U95A microarray, the HG-U133 plus 2.0 microarray (containing 54,675 probe sets or 21,083 genes) provide a better coverage of the entire human transcriptome. There are 746 genes up-regulated and 51 genes down-regulated in the window of implantation. Interestingly, the osteopontin gene was also identified as one of the up-regulated genes in this study.
Mice
Although there are substantial mechanistic differences between rodent and human implantation, mouse model has been a powerful tool in elucidating gene function during embryo implantation (1).
Implantation sites versus inter-implantation sites
The first transcriptomic study on mouse implantation was performed by Reese et al (19) . Whole uterus from day 4 evening (2300~2400h) was used for analysis by Affymetrix microarrays. Comparing with interimplantation sites, there are 36 up-regulated genes and 27 down-regulated genes at the implantation site. According to functional assignments, these genes fall into the following categories: growth factors/cytokines and their receptors, transcription factors, structural proteins, genes associated with cell proliferation and calcium-related genes.
The comparison on expression profiles between the implantation sites and inter-implantation sites (total uterus) on day 5 of pregnancy have also been examined using serial analysis of gene expression (SAGE) technology. A total of 16,677 and 16,696 unique transcripts were detected at implantation sites and inter-implantation sites using 11-bp tag profiling, respectively. Compared with inter-implantation sites, there are 100 genes upregulated and 127 genes down-regulated at the implantation sites (20) . Among these up-regulated genes, Fst, Hsp105 and Igfbp3 are also reported by Reese et al (19) .
The embryo attachment occurs on the luminal epithelium. However, the luminal epithelium represents only 5~10% of the major uterine cell types (21) . Because the whole uterus was used in the above-mentioned studies, it is difficult to characterize the specific gene expression in the luminal epithelium because of the interference from large amounts of uterine stroma and myometrium. Chen et al (22) used enzymatically isolated luminal epithelium for microarray analysis. There are a total of 136 genes upregulated and 223 genes down-regulated by at least 2 folds at implantation sites compared with inter-implantation sites, and some of the significantly changed genes were validated by semi-quantitative RT-PCR and in situ hybridization. They also found that Cyr61 is specifically expressed in the luminal epithelium at implantation sites and its expression is dependent upon the presence of an active blastocyst, suggesting that Cyr61 may play a role in embryo attachment. In another study, the luminal epithelium was isolated from mouse uterus of implantation sites and inter-implantation sites by laser-capture microdissection (LCM). Microarray analysis showed that 73 genes are highly expressed at implantation sites, while 13 genes are highly expressed at inter-implantation sites (23) . There are 3 genes detected in these two independent studies: gamma-glutamyl hydrolase, inhibitor of DNAbinding 3, and secreted acidic cysteine-rich glycoprotein.
Delayed implantation and activation
In mice, mating taking place at the postpartum estrus leads to a lactational delay of embryo implantation. Similar to natural delay of implantation, an experimentally induced model can be achieved through ovariectomized pregnant females on day 4 of pregnancy followed by progesterone treatment to maintain the delayed implantation. A single dose of estrodiol can re-initiate the implantation process. Using microarrays, Reese et al (19) found that 128 genes are up-regulated and 101 genes are down-regulated after activation of the delayed implantation. Among the up-regulated genes, there are more genes involved in DNA processing, cell cycle and enzyme activity.
Based on a combination of laser-capture microdissection (LCM) and cDNA arrays, the gene expression profiles of luminal and glandular epithelium 8 h after activation were compared with delayed implantation. Among the significantly changed genes, 153 genes are significantly up-regulated in the luminal epithelium and enriched in lipid, metal-ion binding, and carbohydratemetabolizing enzymes, while 118 genes are significantly up-regulated in the glandular epithelium, of which 5 genes are involved in immune response (24) .
Embryo implantation is a reciprocal interaction between the blastocyst and receptive uterus. A competent embryo is also essential for embryo implantation. Several groups performed the gene expression profile analysis in embryonic development during peri-implantation period (25) (26) (27) (28) (29) (30) (31) . However, it is hard to dissect embryonic factors that are important for embryo implantation from these studies. Blastocysts from delayed implantation and activation provided an opportunity for characterizing genes that are crucial for embryo implantation. Hamatani et al (32) identified 229 genes that are differentially expressed between dormant and activated blastocysts using microarrays. The major functional categories of these differentially expressed genes include cell cycle, cell signaling, and energy metabolic pathways. This work provided important information about the embryo side of uterine receptivity.
Pseudo-pregnancy
When a fertile female mouse is mated with a vasectomized male mouse, the series of changes in pseudopregnant uterus resemble those during the first four days of natural pregnancy. Pseudo-pregnant mice are widely used to determine receptive phases of mouse uterus. Compared to natural early pregnancy, pseudo-pregnant uterus is free from embryo contamination.
Gene expression profiles in purified luminal epithelium of pseudo-pregnant mouse uterus have been examined by microarray analysis (33) . Gene expression levels were determined at 5 time points with 12h intervals from pre-receptivity, the implantation window to refractoriness. Among the genes whose abundance changes significantly over the measurement period, some were previously found to be implicated in the Lif-Stat3 signaling pathway (e.g. Lifr, Osmr, Il1r1, Stat3, Jak, Areg, A130010J15Rik, Calb3, Coch, Isgf3g, Slfn3, and Igfbp3), and the prostaglandin pathway (e.g. Edg7, Pla2g4a, Pla2g10, Ptgds, Ptgs1, Ptger2, Pla2g7, Pafah1b3, Anxa3/8, Alox5ap, Alox15, and Alox12e) during embryo implantation.
Non-human primates
Primates are the closest extant relative to humans. A regular menstrual cycle also occurs in the higher primates. Non-human primates are ideal models for studying embryo implantation in humans.
Endometrial gene expression profiles of rhesus monkey on both day 13 and days 21~23 during artificial menstrual cycles have been compared using Affymetrix HG-U95A microarrays which are designed according to the human genome (34) . Using an arbitrary 2-fold cut-off for every gene, 39 genes are up-regulated and 69 genes are down-regulated. The up-regulated genes include secretoglobin (uteroglobin), histone 2A, polo-like kinase (PLK), spermidine/spermine acetyltransferase 2 (SAT2), secretory leukocyte protease inhibitor (SLPI) and metallothionein 1G (MT1G). Meanwhile, transforming growth factor beta-induced (TGFBI or BIGH3), matrix metalloproteinase 11 (stromelysin 3), proenkephalin (PENK), cysteine/glycine-rich protein 2 (CSRP2), collagen type VIIalpha 1 (COL7A1), secreted frizzled-related protein 4 (SFRP4), progesterone receptor membrane component 1 (PGRMC1), chemokine (C-X-C) ligand 12 (CXCL12) and biglycan (BGN) are among the downregulated genes.
Cows
In adult cows, the uteri are comprised of large caruncles and inter-caruncular areas. The caruncluar areas are the sites of implantation (35) . The embryo implantation in cows is epitheliochorial and has a prolonged apposition and attachment phase. Cows are good models for studying the early phase of embryo implantation.
In cows, Ishiwata et al (36) compared gene expression levels of non-pregnant uteri with pregnant ones using cDNA microarrays. They have identified 77 genes up-regulated and 12 genes down-regulated in the pregnant uteri. Among them, pregnancy-associated glycoprotein-1(PAG-1), placental lactogen (PL) and prolactin-related protein-1 (PRP-1) were previously defined as pregnancyspecific genes (37-39).
Pigs
A lengthy pre-attachment period is observed in pig, during which the spherical blastocyst elongates to form a filamentous conceptus of about 10cm in length. Like cows, the prolonged apposition and attachment phase makes the pig a good candidate model to study the early phase of embryo implantation.
In pigs, genome-wide comparison of gene expression of pregnant and non-pregnant uteri on day 14 after insemination was performed by Ostrup et al (40) using Affymetrix microarrays. Of 20,201 genes represented on the microarray, 146 genes are upregulated and 117 genes are down-regulated in the pregnant animals. Among these genes, IL6R, LIFR, IL11RA, MUC4, ERBB3, FGF9, and FGFR3 are shown to be crucial in the gene interaction network associated with embryo implantation.
MIRNAS AND IMPLANTATION
MiRNAs are ~22 nucleotides endogenous noncoding RNAs which function as post-transcriptional regulators of gene expression. MiRNAs bind to the 3' untranslated regions (UTRs) of their target mRNAs, leading to mRNA degradation or translational repression (41) . Gene ablation experiments indicate that miRNAs play a role in the postnatal development of mouse uterus and oviducts (42-44).
Humans
Recently, Kuokkanen et al (45) comparatively analyzed the miRNA and mRNA expression profiles in isolated endometrial epithelial cells during late proliferative phase and mid-secretory phase. A total of 12 miRNAs (miR-29b, miR-29c, Mir-30b, miR-30d, miR-31, miR-193a-3p, miR-203, miR-204, miR-200c, miR-210, miR-582-5p, and miR345) were significantly up-regulated and 12 miRNAs (miR-105, miR-127, miR-134, miR-214, miR-222, miR-369-5p, miR-370, miR376a, miR-382, miR-450, miR-503, and miR-542-3p) were significantly down-regulated in the mid-secretory phase compared to the late proliferative phase. Importantly, the up-regulated miRNAs in the midsecretory phase were predicted to target many genes involved in DNA replication licensing and in the cell cycle. These miRNAs are likely to play an important role in helping endometrial epithelial cells to exit cell proliferation and enter differentiation during the window of implantation.
Mice
The miRNA profiles of mouse uterus on days 1 and 4 of natural pregnancy was analyzed by Chakrabarty et el (5) . Microarray results showed that 32 miRNAs are significantly up-regulated on day 4 and only 5 miRNAs are expressed at higher levels on day 1. Using in situ hybridization, the spatiotemporal expression of miR-101a and miR-199a* were found to be co-localized with Cox-2 mRNA. Furthermore, the Cox-2 protein is inversely correlated with miR-101a expression during artificial decidualization process after oil infusion. Luciferase reporter assay confirmed that Cox-2 is a direct target of miR-101a and miR-199a*. These findings demonstrate that miRNAs are linked to embryo implantation through regulating the expression of important implantation factors, like Cox-2.
The miRNA expression profiles of implantation sites and inter-implantation sites of pregnant mice on day 5 were also examined (6) . Of 249 mouse miRNAs designed on locked nucleic acid (LNA) microarrays, 13 miRNAs are significantly up-regulated and 2 miRNAs are significantly down-regulated at implantation sites compared with interimplantation sites. MiR-21, being one of the up-regulated miRNAs, is predicted to target Reck. The interaction between miR-21 and Reck was experimentally confirmed using luciferase assay. Moreover, Reck suppresses MMP-9 activity in cultured uterine stromal cells. Thus, miR-21 may play an important role in the process of embryo invasion by regulating the activity of MMP-9 through its target gene Reck.
Recently, deep sequencing technology has been used to profile miRNAs. This approach has the advantage not only to detect low abundance sequences, but also to provide absolute quantitative data (46, 47) . This technology was used to identify miRNA changes in mouse uterus under delayed implantation and activation (48) . There are 20 miRNAs up-regulated and 42 miRNAs down-regulated during activation. Interestingly, the percentage of let-7 RNA editing at positions 4 and 5 was significantly higher under delayed implantation than that under activation. As perfect pairing to the miRNA seed (nucleotides 2 to 7) is important for target recognition, miRNA editing at positions 4 and 5 may interrupt the miRNA-mRNA binding. As a result, when G to C editing occurs at position 5 of let-7a, it loses the ability to regulate its target genes, for example, Klf9, Gatm and Dnajb9; meanwhile, the edited form of let-7a was shown to target a novel set of genes by seed sequence paring, Tmem55a, Timp3 and Smad7. The target shifts were confirmed by luciferase reporter assay. This study adds valuable insights to the complexity of the miRNAome in uterus.
PROTEOMIC ANALYSIS OF EMBRYO IMPLANTATION
Proteins are key players in cells. The correlation between mRNA and protein expression is typically modest due to substantial posttranscriptional regulation (49) . Moreover, posttranslational modifications and subcellular locations largely affect the function and activity of proteins.
These diverse features are not predictable from gene expression levels. Thus, proteomics may provide a better understanding of the molecular event involved in embryo implantation at the protein expression level.
Humans
Protein expression profile during the window of implantation was studied by several groups using a variety of proteomic methods, including two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), two dimensional differential in-gel electrophoresis (2D-DIGE) and isotope-coded affinity tags (ICAT).
Using 2D-PAGE coupled with MALDI-TOF-TOF, Parmar et al (50) found that calreticulin, beta chain of fibrinogen, adenylate kinase isoenzyme 5, and transferrin are down-regulated, while annexin V, alpha 1-antitrypsin, creatine kinase, and peroxidoxin 6 are up-regulated in mid-secretory phase endometrium in comparison with proliferative phase. This investigation also revealed the presence of heat-shock protein 27, transferrin, and alpha precursor in both endometrial tissues and uterine fluids during proliferative phase.
Through 2D-DIGE, Chen et al (51) identified 76 differentially expressed proteins, representing 41 unique gene products in the endometrium between the proliferative and secretory phases. The observed changes in 3 proteins (Rho-GDIR, CLIC1 and PGRMC1) were confirmed by immunohistochemistry. Similarly, Dominguez et al (52) studied the proteome of endometrial biopsies obtained at LH+2 and LH+7 from the same women in two separate experiments. In this study, 32 differentially expressed proteins were indentified but only annexin A2 and stathmin 1 were consistently regulated in the two experiments performed. These 2 proteins were validated by Western blot and immunohistochemistry.
Proteomic analysis of human endometrium during the proliferative and secretory phases was also carried out with isotope-coded affinity tags (ICAT) technologies (53) . In total, 119 proteins were identified by ProICAT software followed by manual inspection procedure, of which 5 proteins showed consistent differential expression in all three sample pairs, including glutamate NMDA receptor subunit zeta 1 precursor and FRAT1.
Besides, secreted proteins from endometrial tissues are also under investigation. Using a combination of 3 proteomic strategies, Casado-Vela et al (54) have shown the evidence for presence of 803 different protein species in the endometrial fluid during secretory phase of menstrual cycle. In another study, the secretome changes between the pre-receptive (LH+4) and the receptive (LH+9) phases have been compared (55) . In all, 152 proteins have been identified, of which 82 are differentially expressed. These differentially expressed proteins are involved in host defense, coagulation, apoptosis regulation, and stress response.
Mice
Low molecular weight proteins expressed on days 5 and 6 of pregnancy were screened using in situ imaging Matrix-assisted laser desorption/ionization (MALDI) (56) . A total of 230 distinct peaks were found in wild type mouse uterus, of which 50 peaks were differentially expressed at implantation sites compared to inter-implantation sites. There are 4 peaks identified as ubiquitin (m/z 8565), calgizzarin (m/z 10952), calcyclin (m/z 9962), and transthyretin (m/z 13641). The spatial localization of these proteins was validated by in situ hybridization at the mRNA level.
Non-human primates
The receptive and non-receptive endometria obtained from vehicle-treated control and onapristonetreated bonnet monkeys were compared using twodimensional proteomic technologies (57) . Through mass spectrometric analysis, 2 differentially expressed proteins are identified. One is calreticulin expressed in the glandular epithelium. The other one is protein disulfide-isomerase (PDI) which is located in the stroma. They are both highly expressed in non-receptive endometrium.
Cows
The protein expression profiles of pregnant and non-pregnant endometrium in the pre-attachment period (day 18 of pregnancy) were analyzed by 2-D DIGE (58) . Statistical analysis revealed that the expression levels of 4 proteins are significantly affected: Rho GDP dissociation inhibitor beta, 20 alpha-hydroxysteroid dehydrogenase, soluble NADP1-dependent isocitrate dehydrogenase 1 and acyl-CoA-binding protein. All of them are increased in pregnant animals.
CONCLUSIONS AND PERSPECTIVES
Transcriptomic and proteomic methods have shown great success and promise in implantation biology over the last decade. A large repository of mRNA, miRNA and protein expression profiles has been built during embryo implantation, covering a variety of model organisms, including human, monkey, mouse, rat, sheep, cow and pig. Collectively, these high throughput studies indicate that cell cycle, cell proliferation, intracellular signaling, transcription and translation, and cellular metabolism are the main biological processes controlling the window of embryo implantation.
However, due to the differences of animal models and sample collection protocols, it is difficult to make an integrative or comparative analysis of all the heterogenic data that are now available. Furthermore, the choice of platforms and statistical criteria makes it even more difficult to compare between different studies because of a lack of benchmarking frame. In addition, microarrays are limited by the number and nature of the spots on each array and suffer from non-specific background levels of hybridization. In human endometrium, even if the same microarray was used in five studies, only one gene, osteopontin, is consistently up-regulated in all the 5 studies (9). The mRNA-sequencing, which utilizes the latest massively parallel sequencing, has provided an alternative way to obtain mRNA expression profiles at unprecedented sensitivity (59, 60). Besides transcriptome quantification, mRNA-sequencing is suitable to reveal more details of transcriptome, including RNA editing, alternative splicing and gene fusion. The gene fusion of JAZF1-JJAZ1 was observed in normal endometrium (61) . Little is known if this is a rare or common event until we have endometrial transcriptome sequenced. Similarly, small RNA-sequencing (deep sequencing) has shown to have the potential to replace miRNA microarrays in miRNA profiling studies. As for proteomic methods, current techniques are confronted with problems of resolution, precision and accuracy. One of the major advances in proteomics in recent years is shotgun proteomics. It is a label-free proteomic method utilizing high performance liquid chromatography combined with mass spectrometry (62) . It is a promising next generation proteomic method, yet there are relatively few descriptions of its use in implantation biology. The only case was reported on the study of glycomics and proteomics of mouse uterine luminal fluid (63) .
Furthermore, analytical tools in the genomic field are evolving fast. Beyond transcriptomic, miRNAomic and proteomic technologies, there is a need to expand our repertoire to include epigenomic, metabolomic, glycomic, and other 'omic' approaches. The application of these powerful high throughput methods will enable us to look closer than ever before at the molecular mechanism of embryo implantation.
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